Noncentrosymmetric bulk crystals generate photocurrent without any bias voltage.
Bulk photovoltaic effect (BPVE), the generation of steady-state photocurrent in noncentrosymmetric bulk crystals in the absence of external voltage application, has been attracting renewed interest [1] [2] [3] . The recent development of unprecedented polar semiconductors with large photoresponses to visible and infrared light triggered a movement to reappraise the potentials of BPVE as a new architecture for energy-harvesting and photo-detecting devices [4] [5] [6] [7] .
In particular, BPVE can output a large photovoltage far exceeding the bandgap 8 , which is a great advantage for solar cells in terms of gaining high power conversion efficiency using narrow bandgap materials.
The origin of the BPVE has been a long-standing issue of controversy. It is recognized that the injection current (or sometimes called the ballistic current) and the shift current are the two dominant possible origins 9, 10 . Both of them are current originating from the second-order nonlinear optical response. The origin of the injection current is the asymmetry in the injection rate of non-thermalized carriers at time-reversed momenta in Brillouin zone 11 . On the other hand, the shift current does not require the broken time-reversal symmetry. It arises from a unidirectional shift of electron positions associated with the asymmetric optical charge transfer. The distance and direction of the charge shift, called the shift vector, is proportional to the difference in the Berry connections between the Bloch wave functions of the ground and excited states, indicating that the shift current is purely quantum-mechanical effect [12] [13] [14] . The shift vector is closely related to electric polarization.
In the contemporary view, the electric polarization is given by Berry connections of occupied bands, which was originally formulated based on the quantum-mechanical description of the pyroelectric current 15, 16 . Therefore, in a naive view, the shift current can be regarded as a displacement current continuously pumped by light. The description of the shift current using the Floquet formalism has rendered its topological aspects much clearer 17 .
The shift current has a dissipation-less nature in the sense that it is independent of the carrier mobility and robust against the impurity scattering 18 . This is a stark difference from conventional photocurrent via the electrons' drift and diffusion processes typically observed in photoexcited p-n junctions. The injection current is also limited by the mean free path of non-thermalized carriers, although its mobility is much larger than that of thermalized carriers 11, 19, 20 . Therefore, the mobility-independent zero-bias photocurrent can be clear evidence for the shift current. However, previous studies have not been able to show this behavior in experiments 21, 22 . For instance, in the case of a ferroelectric organic charge-transfer complex TTF-CA, zero-bias photocurrent takes a maximum near the ferroelectric transition temperature and rapidly decreases at low temperature 21 . This is inconsistent with the picture of shift current which expects rather temperature-independent zero-bias photocurrent. The reason for this inconsistency is assigned to the formation of the Schottky barrier at the sample/electrode interface 21 , but there has been no direct evidence.
In this study, we report the impact of electrode choice upon the extraction of shift current from a representative ferroelectric semiconductor, antimony sulphoiodide (SbSI). The crystal structure of SbSI is shown schematically in Fig. 1(a were deposited on the crystals to test the electrode dependence of the photovoltaic effect along the c axis direction as depicted in Fig. 1 (c). Here we choose Pt, Au, Ag, Al, and Ca covered with Al (Al/Ca) as metals for the electrode. We also prepared bilayer electrodes consisting of Al with a 1 nm-thick tunneling barrier of LiF (Al/LiF), which is a representative low-work-function electrode employed for an electron-injection layer in organic light-emitting diodes 32, 33 . The gap between both electrodes was defined to be 0.45 mm using a stencil mask.
Measurements of photocurrent and photovoltage were carried out with the illumination of 3 light from a solar simulator (0.1 Wcm −2 ) which covers the whole sample area between the electrodes as illustrated in Fig. 1 (c). In general, the conductivity (σ ) and photoconductivity (σ photo ) are given by σ = e(pµ h + nµ e ) and σ photo = e(∆pµ h + ∆nµ e ), where µ h (µ e ) denotes the mobility of holes (electrons), p (n) the density of free holes (electrons) in the dark condition, and ∆p (∆n) the change in the density of free holes (electrons) induced by photoexcitation 35 . Here we consider only the transport of holes as a dominant contribution to the photocurrent in SbSI. ∆p and µ h is proportional to the life time (τ life ) and the scattering time (τ scat ), respectively. In SbSI, τ life is about 10 −9 s which has been evaluated from time-resolved photoluminescence 36 , whereas τ scat is at most 3 × 10 −14 s which is estimated using the theoretically predicted effective mass of hole m * h = 0.57 34 and assuming µ h = 100 cm 2 V −1 s −1 . Since τ life τ scat , the temperature dependence of R bulk can be attributed to that of µ h . The observed exponential increase in R bulk (decrease in σ photo ) with lowering temperature indicates that hopping-like carrier transport dominates the conduction in SbSI. Contrary to the large temperature variation in µ h , the zero-bias photocurrent, which is the intersections of I-V curves with the vertical axis in Fig. 2(a) , remains almost constant value. The observed mobility-independent zero-bias photocurrent is a clear hallmark of the shift current. Neither the injection current nor the drift-diffusion current arising from the internal electric field across the absorber layer can be the origins for it because both of them are affected by scatterings and should critically decrease in lowering temperature.
While the zero-bias photocurrent is nearly temperature independent, the open-circuit photovoltage (V OC ), which is the voltage needed to set I = 0 condition, increases towards low temperature up to 70 V (Fig. 2(b) ). The divergent increase of V OC starts at around 100 K as can be seen in Fig. 2(d) . Since the I-V curves are almost linear, it is evident that the increase of V OC originates from the enhancement of R bulk . As a matter of course, the temperature dependences of V OC and R bulk scale well with each other as seen in Fig. 2 
(c).
A simple equivalent circuit displayed in the inset of Fig. 2(c) well explains above characteristics 21 . It consists of a shift current generator (I shift ) placed in parallel with R bulk and a contact resistance under photoirradiation (R contact ) connected in series to them. The electrode dependence displayed in Fig. 1(d) reveals that R contact can be almost eliminated by using the Pt electrodes. In this case, the R contact does not hamper the extraction of shift current. In the open-circuit condition, the shift current is in balance with the drift current driven by V OC . Thus, the output voltage is larger as R bulk increases. Accordingly, materials with lower carrier mobility, such as flat band systems, can show higher power conversion efficiency in shift current photovoltaics 18 , which is quite contrastive to conventional photovoltaics where the mobility is critical for the conversion efficiency. We have also measured the light-polarization dependence of zero-bias current 37 . The observed polarization dependence is consistent with the nonlinear conductivity tensor for the point group of SbSI (C 2v ) 24 , giving a corroborative evidence for the shift current.
In conventional photovoltaic devices, photocurrent arises from the transport of photogenerated electrons and holes into opposite electrodes. Thus, two electrodes should have different characters: one is a large-work-function electrode for the extraction of holes (anode) and the other a small-work-function electrode for electrons (cathode). We examined the effect of such asymmetric electrode structure on shift current. As given in the inset schematic (Fig. 3(e)-3) . The polarization-independent photocurrent observed in the high-temperature region in the Pt//Al/LiF sample is ascribed to the drift-diffusion current.
The observed positive sign of the photocurrent is consistent with that expected from the profile of the band bending. The zero-bias photocurrent for the Pt//Al/LiF sample can be deconvoluted into the classical drift-diffusion current and the quantum-mechanical shift current by symmetrizing and antisymmetrizing the current for opposite polarization states, respectively, as shown in Fig. 3(d) . The drift-diffusion current rapidly disappears as lowering the temperature, which is definitely caused by the reduction of photocarrier mobility. In contrast, the shift current remains constant or even increases toward the lowest temperature.
The increase of the shift current below 150 K probably stems from the divergent increase in R bulk , because the output photocurrent for the equivalent circuit in the inset of Fig. 2(c) is given by R bulk /(R bulk + R contact ) × I shift , which approaches to the value of I shift when
The magnitude of the zero-bias photocurrent in the Pt//Al/LiF sample ( Fig. 3(c) ) turns out to be smaller than that of the Pt//Pt symmetric electrode sample ( Fig. 3(a) ), rather close to that of Al/LiF//Al/LiF symmetric electrode sample (Fig. 3(b) ). The result indicates that the asymmetric electrode structure indispensable to extract classical drift-diffusion current is not beneficial but rather harmful for extracting shift current. As can be seen in the band profiles, there is no potential barrier for holes at the interface between SbSi and Pt From these results, we conclude that majority carriers dominantly contribute to the shift current generation as schematically shown in Fig. 3(e) .
The majority-carrier operation in the shift current generation is in stark contrast to p − njunction-based photovoltaics those operate as minority-carrier devices.
Besides the robustness against the scatterings, the shift current characteristic features of the ultra-fast response to pulsed light and the low current noise 18, 37, 38 , which are substantial advantages not only in energy harvesting devices but also in photodetectors. Toward the development of these new optoelectronic devices based on the shift current mechanism, the requisites for electrode material as well as the unique operation mechanism elucidated in this study will give a guideline to design an optimum device structure.
In conclusion, we have demonstrated that the output of shift current is strongly dependent on the work function of the electrode materials. For a p-type ferroelectric semiconductor
SbSI, large-work-function electrodes are superior to efficiently extract shift current. By using optimum electrodes, we could verify the dissipation-less nature of shift current in the sense that it is not affected by the scattering of carriers, hence that the shift current is driven via quantum-mechanical motion of majority carriers. The present study will promote successive researches to improve the performance of photovoltaic devices as well as explore novel quantum-mechanical phenomena in photovoltaic effect with its origin in the Berry phase of electron wave functions. SbSI. The green arrows denote the motion of photocarriers due to the drift-diffusion mechanism.
